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The Human Genome Project has com-
pleted a successful three-year pilot
project that has resulted in 280 875 kb
of accurate, non-redundant human
genomic sequence data being deposited
in the public database (about 9% of the
genome, shown graphically in Fig. 1).
Recently, it has been announced that, as
a first step towards accelerated comple-
tion of the genome, a ‘working draft’
sequence will be produced early in 2000
that will account for about 90% of the
approximately three billion total bases’.
This strategy might be likened to the
authoring of a book — an initial working
draft will be produced, followed by
cycles of revisions in which details are
added and errors corrected, ultimately
leading to the final reference work.
While it will be interesting to watch the
developments in this fast-paced field
over the next year or two, the practical
benefit for most of us is the fact that
huge amounts of DNA sequence will be
pouring into the public databases. It is
important for researchers to have early
access to the genome because of its
tremendous potential for accelerating
biomedical research. We have devel-
oped an Internet resource (www.ncbi.
nlm.nih.gov/genome/seq) to help make
effective use of these data, by providing
a simple means of browsing and search-
ing of the data, together with background
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FIGURE 1. Progress in human genome sequencing
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indicate available sequence data (at the end of March 1999). Additionally, completed regions are given different
shades of orange and red to indicate the degree of continuity. Sequence data that are only of draft quality are

shown in a contrasting light-green shade. Sequences were placed into segments based on sequence-tagged site
(STS) content and combined radiation hybrid map data that has been converted to a uniform base-pair scale.
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BOX 1. Genome sequencing centers

Baylor College of Medicine, USA
http://www.hgsc.bcm.tme.edu

Center for Genetics in Medicine, USA
http://www.ibc.wustl.edu/cgm

INTERNET Resource

University of Oklahoma Center for Genome Technology, USA

http://www.genome.ou.edu

University of Texas Southwestern Medical Center, USA
http://www.gestec.swmed.edu

Gesellschaft fur Biotechnologische Forschung mbH,

Germany
http://www.gbf-braunschweig.de/welcomee.html

Genome Therapeutics Corporation
http://www.cric.com

The Institute for Genome Research
http://www.tigr.org

The Institute for Molecular Biology, Jena, Germany

http://www.genome.imb-jena.de

Max Planck Institute for Molecular Genetics, Germany

http://www.mpimg-berlin-dahlem.mpg.de

The Sanger Centre, Hinxton, UK
http://www.sanger.ac.uk

Stanford Human Genome Centre, USA
http://www.shgc.stanford.edu

University of Tokyo Human Genome Center, Japan
http://www.hgc.ims.u-tokyo.ac.jp

University of Washington Genome Center, USA
http://www.genome.washington.edu/UWGC

University of Washington Multimegabase Sequencing

Center, USA

http://www.chroma.mbt.washington.edu/msg_www

US Dept of Energy Joint Genome Institute

http://www.jgi.doe.gov

Washington University Genome Sequencing Center, USA
http://www.genome.wustl.edu/gsc

Whitehead Institute for Biomedical Research, USA
http://www.genome.wi.mit.edu

(This list includes only centers that have contributed at least 1000 kb of finished sequence. Several of these web sites have been recently reviewed by Pruitt®.)

information and an assessment of overall
sequencing progress.

Unlike a real book, which would
never be published while still in draft
form, the genomic sequence — the ‘Book
of Life’ — is made available to the public,
even as the pages are written. The inter-
national sequencing community has set
for itself a policy of immediate data
release, in which shotgun sequence
assemblies at least 2 kb in length are
made publicly available within 24
hours. These sequences are deposited in
the GenBank, EMBL and DDBJ public
sequence databases and are then redis-
tributed to the world on a daily basis.
Data are also made available on individ-
ual genome center web sites, usually
augmented with mapping data and
information on work in progress
(Box 1). Increasingly, genomic sequence
entries represent individual bacterial
artificial chromosome (BAC) clones,
those being the current sequencing tar-
get of choice. But sequences of BACs
can take on a variety of forms that,
owing to their unique properties and
uses, are segregated into different
GenBank divisions (Fig. 2). For exam-
ple, having finished sequences in the pri-
mates (PRI) division makes it easier for
users to distinguish them clearly from
other sequences that have lower accu-
racy and that might contain gaps. The
properties of a draft sequence might
change over time, as more experience is
gained and production strategies evolve.

Although several important factors
must be balanced, it is possible to
obtain high-quality data for over 90%
of the bases of a clone insert?.

A new category of genomic sequence
entry is the low-pass survey sequence.
Such a sequence consists of a relatively
small number of single-pass sequencing
reads whose order is unknown. Survey
sequences are used by the genome

FIGURE 2. Categories of BAC sequences found in GenBank

centers for the dual purposes of evaluat-
ing the quality of shotgun libraries and
verifying that a clone is not excessively
redundant with previously sequenced
regions. For users, the utility of this sort
of sequence is that, starting with a
c¢DNA sequence of interest, it is possible
to perform a database search and find a
BAC clone that contains the gene. The
final category is BAC-end sequences,

category | BACsen | coverage e anision §
Finished sequence 100% 0.01% PRI E
Draft sequence 90% 0.1% HTG
Survey sequence 50% 2% HTG
End sequence 0.5% 2% GSS

In each case, a typical pattern of coverage is illustrated, together with an approximate percentage of the
bases covered. For the draft sequence, the coverage and error rate can differ from that shown, depending
on the exact strategy that is ultimately adopted. Coverage for the survey sequence will vary substantially,
depending on the size of the insert and whether one or two plates of subclones is sequenced. Error rates
given for survey and end sequences are based on those typically seen for single-pass sequences. Finished
sequences are stored in the GenBank division that is appropriate for the given organism, which in the case
of Homo sapiens is primates (PRI). Finished Mus musculus entries would be in rodents (ROD), Drosophila
melanogaster would be in invertebrates (INV), and so forth. Draft and survey sequences are stored in the
high-throughput genomic (HTG) division, which is used for sequences that are still undergoing revision.
Upon completion, sequences are reassigned to PRI and the same accession number is kept throughout the
revision process. Bacterial artificial chromosome- (BAC-) end sequences are stored in the genome survey
sequence (GSS) division. For more information on GenBank divisions, see Ref. 9.
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TABLE 1. Distribution of contig sizes

Aggregate Proportion
Size range (kb) Contigs size (kb) of total (%)
<30 47 676 0.2
30-100 453 28418 10.1
100-250 915 141295 50.0
250-500 182 59350 21.1
500-1000 46 31741 11.3
>1000 15 19394 6.9
Total 1658 280875 100.0

Contig size data were collected on 31 March 1999. For the latest information, see
www.ncbi.nIm.nih.gov/genome/seq. Constructed sequences are given accession
numbers from a new series in which identifiers begin with the letters NT (e.g.
NT_000001). All entries are freely available through the web interface.

which are being produced in large num-
bers through a project funded by the
US Department of Energy. These pairs
of short (~400 bases) sequences, which
are separated by a defined distance (the
size of the BAC insert), have a number
of uses, including the identification of
clones that would extend or bridge
existing islands of sequence’.

The reconstruction of the complete
human genome will involve merging the
individual clones into longer blocks of
contiguous sequence. At the National
Center for Biotechnology Information
(NCBI), we have already begun this
task, drawing primarily upon clone-
overlap information provided by the
genome centers or given in the sequence
annotation. This has been augmented
by computational analysis, making use
of the electronic PCR program* to find
mapped sequence-tagged site (STS)
markers in the sequences and BLAST
(Ref. 5) to identify probable overlaps.

All expected overlaps are confirmed by
sequence alignment before constructing
the final sequence entries. As shown by
the size distribution of the segments
(Table 1), several long sequences are
already available, including 15 that
exceed 1000 kb in length. Overall,
about 90% of the total bases fall into
segments that are at least 100 kb. All of
the sequences are available for browsing
and downloading through the web
interface.

Quality assurance will be critical for
the final reconstructed genome and
there are many advantages to monitor-
ing quality constantly as the Genome
Project progresses®. Discussions of
sequence quality often center around
the accuracy of determining each indi-
vidual base, but quality can be viewed
at other levels as well. For example,
restriction-site analysis has been used to
verify that the sequence obtained for an
individual clone is consistent with its
physical DNA (Ref. 7). But additional
checking is needed to ensure that the
reconstructed sequence is colinear with
the genome. Discontinuities can be
caused by joining clone sequences
together in an incorrect order or by
actual rearrangements of cloned DNA.
We have developed methods for using
BAC-end sequences to check for recon-
struction errors in genomic sequences
(Fig. 3). Briefly, it is expected that
paired BAC end sequences should align
to the genome with a spacing that is
consistent with the size of the clone
insert. Regions are considered to be
confirmed if they are spanned by at least
two BACs with appropriately paired

FIGURE 3. Validating genomic contig sequence
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Two different contigs (NT_000169, 476 kb, and NT000431, 1040 kb) were intentionally joined together. The
false assembly junction at 476 kb can be identified by a paucity of BAC with both ends aligning and a
marked increase in the number of unpaired BAC ends. Other regions of the contig were covered 1-10-fold
with BACs having paired ends. Green boxes indicate regions covered by at least two paired BAC ends. Red
box indicates region with at least four unpaired BAC ends.

Human Genome Project

ends. A prevalence of unpaired end
sequences is indicative of discontinu-
ities. To date, very few problems have
been found in real data and they have
been resolved by consultation with
genome centers. To illustrate the tech-
nique, a hypothetical error case was
prepared by intentionally joining
sequences from different regions of the
genome. As shown in Fig. 3, the point of
the incorrect join is revealed by a large
number of unpaired BAC ends corre-
sponding to a gap in the coverage by
paired ends.

We have briefly discussed several
issues relating to public genomic
sequence entries, their use in construct-
ing larger constructs, and methods for
verifying their correctness. Additional
details are available on the Human
Genome Sequencing web site. It is poss-
ible to find regions of interest by using
simple text queries and downloading
any sequences found. A graphical
viewer shows how the sequences were
constructed and indicates regions that
have been confirmed by paired BAC
ends. Users can perform BLAST
searches against the human genomic
sequence and, in addition to traditional
sequence-alignment output, they can
obtain a graphical view of the positions
of matching regions relative to other
features in the larger genomic segment.
For example, using a mouse cDNA
sequence as a query, a putative human
homolog can be identified in a region
that also contains polymorphic STS
markers, which might be useful tools
for further genetic analysis. Although
the final reference human genomic
sequence will be several more years in
the making, there is no need to delay in
making effective use of the data that
exist today.
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